In human infants, dietary iron deficiency acquired between 6 and 24 mo postnatally is associated with cognitive impairments that may persist in spite of iron rehabilitation (1) (2) (3) (4) (5) . These impairments include lower mental developmental index scores on the Bayley Scales of Infant Development and decreased responsiveness to examiners, as well as decreased reactivity to ordinary stimuli. Arguably, brain iron deficiency in the fetus or neonate could be more detrimental than postnatal iron deficiency because of the rapidity of brain growth during this critical developmental period (6) . Diabetes mellitus and intrauterine growth retardation during pregnancy can result in up to a 40% reduction in neonatal brain iron concentration (7, 8) . In addition, infants of diabetic mothers and intrauterine growth-retarded infants demonstrate electrophysiologic indices of abnormal recognition memory processing as newborns and at 6 mo of age (9, 10) , and are at higher risk for poorer long-term neurocognitive outcomes (11, 12) .
The biologic mechanisms leading to the neurocognitive behavioral sequelae of iron deficiency are not well understood. The major hypotheses that have been suggested revolve around the role of brain iron in enzyme systems that regulate brain growth (ribonucleotide reductase), myelination (delta-9 desaturase), dopamine D2 receptor synthesis (tyrosine hydroxylase), and energy production (cytochromes) (13) (14) (15) (16) (17) (18) (19) (20) . Cytochrome c oxidase (CytOx) is involved in the last step of the oxidative phosphorylation reaction. It has a critical role in the generation of ATP because it transfers the reducing equivalents of the respiratory chain to oxygen. As an integral component of cellular oxidative metabolism by neurons, CytOx is essential for normal neuronal cellular function and thus represents a quantifiable marker of neuronal metabolic activity (14) . In vivo CytOx activity can be estimated by a histochemical assay, which has been shown to have a direct correlation with tissue CytOx concentration (21) .
In the rat, the accretion of iron by the brain changes throughout late fetal and early postnatal life. Brain iron concentration peaks at birth and decreases through the weaning period, only to increase again during critical periods such as myelination (19) . In humans, myelination begins in the prenatal period and continues for 15-20 y after birth (22) , and in the rat begins around postnatal day (PND) 10 and continues throughout life (23) . The distribution of iron within the postweanling and adult rat brain is heterogeneous and changes over time. In the adult, the basal ganglia, substantia nigra, and deep cerebellar nuclei have the highest concentrations (24) , whereas the hippocampus has the highest concentration in the postweanling animal (25) . Neither the distribution of iron staining in the brain nor the effect of perinatal iron deficiency on iron-containing bioactive compounds such as CytOx have been studied in the neonatal rat.
Because studies of iron-deficient (ID) infants consistently demonstrate cognitive impairment, we hypothesized that perinatal iron deficiency alters the regional distribution of CytOx activity in the neonatal brain and that circuits involved in cognitive processing, particularly memory, are preferentially affected. Accordingly, the effects of perinatal iron deficiency on both iron stain and neuronal metabolism, using CytOx as a marker, were quantified. Specific attention was given to brain structures associated with memory processing and emotional evaluation, including the hippocampal formation and amygdala. Several other areas that were hypothesized to be unrelated to these behavioral functions were studied, including the arcuate nucleus of the hypothalamus, the lateral nucleus of the thalamus, the medial and lateral habenula, the nucleus accumbens, and the substantia nigra. Although the nucleus accumbens is unrelated to memory processing, Youdim et al. have demonstrated decreased D2 receptor in this structure in ID postweanling rats (26) .
METHODS
Animal preparation and study design. The study was approved by the Animal Care Committee of the University of Minnesota and its guidelines were followed during the experiments. From gestational d 1 until PND 10, plug-positive pregnant Sprague Dawley rats (Harlan Sprague Dawley, Indianapolis, IN, U.S.A.) received either an iron-fortified diet (Teklad 4% Mouse/Rat Diet 7001, Harlan-Teklad, Madison, WI, U.S.A.) or a low-iron diet (Formula TD 80396, HarlanTeklad). The iron-fortified diet contained 198 mg elemental Fe/kg and the low-iron diet 3-6 mg elemental Fe/kg chow. The pups born to dams on the iron-fortified diet served as ironsufficient (IS) controls and those born to dams on the low-iron diet served as the ID experimental group. Animals had free access to food and water and were maintained in a 12-h, day-and-night cycle at room temperature.
Five pups from each group were killed on PND 10 to obtain liver nonheme iron concentrations. Twenty-five animals from each group had their brains removed on PND 10 for iron and CytOx histochemistry.
Animal preparation. At the time of sacrifice, the pups were deeply anesthetized with sodium pentobarbital (60 mg/kg body weight, i.p.) and then perfusion fixed transcardially with normal saline, followed by 5% neutral buffered formalin solution (Sigma Chemical Co., St. Louis, MO, U.S.A.) and 5% sucrose in 0.1 M phosphate buffer (pH 7.4). The brains were rapidly removed from the skull, postfixed in the same fixative for 4 h at 4°C, and were cryoprotected by serial overnight passage in increasing sucrose concentrations (20% and 30%) in 0.05 M phosphate buffer at 4°C. The brains were mounted in a frozen tissue embedding solution (HISTOPREP, Fischer Scientific, Fair Lawn, NJ, U.S.A.). Serial 15-m coronal frozen sections were obtained throughout the brains of the experimental and control animals using a cryostat at Ϫ20°C to Ϫ25°C (Bright Instruments Co., Ltd., Huntingdon, England). Sections were mounted on poly-L-lysine coated slides and stored at Ϫ80°C until histochemical analysis was performed.
Study design. Based on recently published diagrams of the putative circuits involved in memory processing in humans (27) and in animals (28, 29) (Fig. 1) , we studied brain structures involved in explicit and implicit forms of memory as well as brain structures without a known function in memory formation. Explicit memory was further subdivided into circuits involved in recognition memory, such as the hippocampus, and those involved in affective or emotional memory, such as the amygdala. Using an atlas of the developing rat brain (30), we then chose four brain sections that included the brain regions of interest (Table 1) .
Tissue iron assay. Liver iron concentrations were assayed as previously described (8, 31) and expressed as micrograms of elemental iron per gram dry tissue weight. Briefly, the tissues were thoroughly rinsed in normal saline and lyophilized for 72 h, after which dry weights were obtained. The tissues were digested in 10 mL of a 4:1 nitric:perchloric acid and their iron content was assayed by atomic absorption spectroscopy (31, 32) . Values were compared with stock iron standards (Sigma Chemical Co.) diluted to the values in the expected range of tissue iron concentrations.
Iron histochemistry. The brain sections were stained for iron by Benkovic and Connor's modification of Perls stain (33) . Briefly, the sections were brought to room temperature and incubated in a 5% solution of DMSO (three changes of 5 min each) followed by 10% potassium ferrocyanide for 5 min. They were then incubated in a freshly made Perls solution (10% potassium ferrocyanide and 10% HCl in a 7:3 ratio with 0.1% Triton X-100) for 20 min at room temperature. For intensification of Perls reaction with 3,3Ј diaminobenzidine, sections were thoroughly rinsed in distilled water (twice for 5 min each) and were incubated in a freshly made solution of 3,3Ј diaminobenzidine (40 mg in 100 mL of 0.05 M PBS (PBS), to which 0.08 mL of 30% H 2 O 2 was added just before the incubation) for 25 min at room temperature. The reaction was terminated by rinsing the sections in PBS (three changes of 5 min each). The sections were then serially submerged in increasing concentrations of ethyl alcohol (5 min each in 70% and 80%, followed by 10 min each in 95% and 100% ethanol) before being immersed in a clearing agent (HEMO-DE, Fischer Scientific) for 10 min. They were then air dried and coverslipped using Permount (Fischer Scientific). Control sections were incubated in Perls solution with PBS substituted for 170 potassium ferrocyanide. The control slides did not show any positive staining.
Iron histochemistry analysis. Brain sections were visualized with light microscopy (Nikon Optiphot, Nippon Kogaku K.K., Tokyo, Japan) at ϫ400. A 100-mm 2 calibrated grid was placed in an eyepiece and then placed once centrally within each nuclei of interest. All the iron-stained cells within the boundaries of the grid were counted. One observer (K.S.) completed the brain iron quantitation.
CytOx histochemistry. Brain sections were stained for CytOx activity using the diaminobenzidine method of Hevner and Wong-Riley (21) . Briefly, the tissue sections were incubated in 100 mL of 0.1 M phosphate buffer (pH 7.4) containing 50 mg 3,3Ј diaminobenzidine, 25 mg cytochrome c, and 4 g sucrose (all reagents from Sigma Chemical Co.) at 37°C for 2 h in the dark. The reaction was terminated by immersing the slides three times for 5 min each in the 0.1 M phosphate buffer at room temperature. The sections were dehydrated, cleared, and coverslipped as described above for iron histochemistry.
CytOx histochemistry analysis. The brain sections were visualized through a 4ϫ objective in a light microscope (Model BH-2, Olympus America Inc., Melville, NY, U.S.A.) using a green filter (wave length 510 -550 nm) to enhance the contrast and a neutral density filter (Schott Glass Technologies Inc., Duryea, PA, U.S.A.) to attenuate the light intensity.
Digital microscopic images were collected using a Cohu 4915 CCD camera (Cohu, Inc., San Diego, CA, U.S.A.), a Power Macintosh 7100 computer equipped with a model LG-3 frame grabber (Scion Corp., Frederick, MD, U.S.A.) and Scion Corporation's version of the public domain National Institutes of Health Image program (available on the Internet by anonymous FTP from zippy.nimh.nih.gov or on disk from the National Technical Information Service, Springfield, VA, U.S.A., part number PB95-500195GEI).
The intensity of background light was maintained at a constant level among the sections such that the histogram of the gray scale values (range: 1-254) of the overall image showed a normal distribution and did not stack at either the black or white end of the spectrum. Dark areas were assigned a higher value and lighter areas a lower value (white 1; black 254). Hence, a lower gray scale value indicated less staining and subsequently a greater loss of CytOx activity. The intensity of CytOx reactions in the brain structures of interest was measured from the image projected and frozen on the computer screen. Larger nuclei were outlined using a cursor. For very narrow brain regions where the cursor could not be used 
Nissl histochemistry analysis. Brain sections were visualized with light microscopy (Nikon Optiphot, Nippon Kogaku K.K., Tokyo, Japan) at ϫ400. A 100-mm 2 calibrated grid was placed in an eyepiece and subsequently placed once within hippocampal subarea CA1 and the caudate putamen of a representative number of sections (n ϭ 10). Using landmarks identified by Sherwood (30) , an attempt was made to place the grid in the same location across the specimens. All the Nissl stained cells within a 10-mm ϫ 3-mm boundary of the grid were counted. One observer (J.W.) completed the brain Nissl quantitation.
Statistical analysis. The mean Ϯ SEM for the number of iron-positive cells, the number of neurons/30 mm 2 and the CytOx activity, as expressed by OD values, were compared between ID and IS groups by two-tailed unpaired t tests. Given the number of comparisons made, a p value of Ͻ 0.01 was considered statistically significant.
RESULTS
The ID pups had lower liver iron concentrations compared with IS controls (59.5 Ϯ 4.0 versus 404.0 Ϯ 19.3, p Ͻ 0.001), which is in agreement with previous studies from our lab both in infants (8, 35) and in rats (36) . The mean litter sizes were equivalent between groups (ID: 9 pups/mother versus IS: 10 pups/mother).
The ID brains had a mean of 88 Ϯ 4% less iron staining among the 20 structures assessed compared with the IS brains. Iron-positive cells in the perihippocampal region of an ID and an IS brain are shown in Figure 2 . Each ID brain structure had significantly less iron staining than control (Tables 2A-C) . Areas with Ն90% loss of iron staining in descending order included hippocampal subareas CA3ab and CA1, the central nucleus of the amygdala, the medial habenula, the dentate gyrus, the lateral habenula, the dorsomedial nucleus of the thalamus, the reticulate zone of the substantia nigra, and hippocampal subarea CA3c. The entorhinal cortex, which has projections to both recognition memory and emotional or affective memory circuits, had 85% less iron staining (0.2 Ϯ 0.5 iron-positive cells/grid in the ID group versus 1.3 Ϯ 1.9 in the IS group; p ϭ 0.005). The caudate putamen, which is the primary structure used in implicit memory, had 93% less iron staining (0.2 Ϯ 0.5 versus 2.9 Ϯ 3.3 iron-positive cells; p ϭ 0.002).
The ID brains had a mean of 27 Ϯ 3% less CytOx activity among the 20 structures. An example of CytOx activity in hippocampal subarea CA1 of an ID and IS brain is shown in Figure 3 . Unlike iron staining, significant differences in CytOx activity between the ID and control groups were present in only 14 of the 20 structures (Tables 3A-C) . Areas with significantly reduced CytOx activity in descending order included hippocampal subarea CA1, the anterior portion of the piriform cortex (also referred to as the orbital cortex), the substantia nigra-zona compacta, hippocampal subarea CA3ab, hippocampal subarea CA3c, the dentate gyrus, and the periventricular arcuate nucleus of the hypothalamus. Interestingly, the 14 structures with significant loss of CytOx activity and the 6 structures with insignificant loss of CytOx activity had similar loss of iron staining (85 Ϯ 4% versus 90 Ϯ 4%). No relationship was found between the percent loss of iron staining and the loss of CytOx activity across the 20 structures (r ϭ 0.07; p ϭ 0.77). Neither the entorhinal cortex nor the caudate putamen had significant CytOx loss.
To determine whether the decrease in CytOx staining in the 14 structures was potentially due to decreased cell number rather than to decreased staining in each cell, we assessed neuronal density by Nissl staining in one representative brain area with significant CytOx loss (CA1) and in one brain area without any CytOx loss (caudate putamen). No differences in cell number per 3 ϫ 10 mm grid were seen between the ID and IS brains in either region. In CA1, the ID animals had a neuronal density of 150 Ϯ 11 neurons/30 mm 2 whereas the ID animals had a density of 153 Ϯ 15. Similarly, in the caudate putamen, the ID animals had a neuronal density of 86 Ϯ 5 cells/30 mm 2 whereas the IS animals had a density of 72 Ϯ 14.
DISCUSSION
Perinatal iron deficiency differentially alters the regional distribution of CytOx activity in the neonatal rat brain, with the hippocampal formation and its prefrontal connections having the greatest percent CytOx loss. These differences in CytOx activity were not due to decreased neuronal density and thus were most likely due to decreased intracellular CytOx activity. In contrast, other structures such as the amygdala and caudate putamen had insignificant loss of CytOx activity. The fact that CytOx loss ranged from 0% to 42% among the structures, in spite of relatively uniform loss of iron staining, implies that there is prioritization of iron incorporation into bioactive compounds within brain regions.
There is ample evidence that prioritization of available iron occurs among organs as well as among iron-containing compounds within organs during ID states. Inter-organ prioritization in the ovine fetus and neonate occurs when hepatic storage iron is lost initially, followed by myocardial and CNS iron to preserve iron delivery to the red cell mass (37) (38) (39) . Similar prioritization has been demonstrated in human infants of diabetic mothers where hepatic iron is reduced by 93%, cardiac iron by 55%, and brain iron by 40% (8, 39) . Evidence for intra-organ prioritization of iron is demonstrated in neonatal sheep and guinea pigs, where myocardial cytochrome c is preserved at the expense of myoglobin during progressive iron deficiency (31, 39, 40) . The current study supports the concept of regionalization of iron in the form of bioactive compounds among brain structures during significant iron deficiency.
The presence of iron in various brain structures changes throughout early postnatal development in the rat, implying that regional iron accretion and utilization is highly developmentally regulated. Overall brain iron concentration peaks at birth and decreases through the weaning period, only to increase again during critical periods such as myelination (41) . In the IS adult brain, iron is heterogeneously distributed; the basal ganglia, substantia nigra, and deep cerebellar nuclei have the highest concentrations (24). Brain iron is also heterogeneously distributed in the IS postweanling rat, with the hippocampus having the highest concentration (25, 42) . Imposition of iron deficiency in postweanling rats preferentially decreases hippocampal and cortical brain iron. Although Erickson et al. did not measure whether bioactive iron compounds such as CytOx were preserved in those structures, they did demonstrate increased transferrin concentration in the hippocampus (25) . Higher levels of transferrin may represent an attempt to upregulate iron delivery to this structure to preserve concentrations of bioactive compounds like CytOx during the ID state.
The effect of iron deficiency on regional brain iron staining has not been studied in the fetal/neonatal rat before the current study. With a degree of perinatal iron deficiency similar to that seen in humans (7, 8) , significant iron loss is seen across all structures of the rat brain.
In contrast to iron, the wider range of CytOx loss implied greater regional differences in uptake of iron for synthesis of this bioactive compound. The data demonstrating no differ- Figure 3 . Photomicrograph of hippocampal subarea CA1 of the rat brain after completion of the diaminobenzidine reaction for cytochrome c oxidase (CytOx) activity. The neurons of the iron sufficient (IS) brain (bottom) are more richly stained and thus have more CytOx activity than the iron-deficient (ID) brain (top). Magnification ϫ500.
CYTOX LOSS IN IRON-DEFICIENT RAT BRAIN
ences in the amount of iron loss when comparing the regions with significant CytOx loss with the regions with no CytOx loss supported this concept, along with the fact that there was no correlation between iron loss and CytOx loss. The regulatory elements promoting this differential uptake in various brain regions in the perinatal rat are currently unknown, but may be related to regional transferrin/transferrin receptor expression. Morris et al. have demonstrated that CytOx activity has a similar distribution to that of transferrin receptor in the human CNS (43).
CytOx activity is a reasonable indicator of neuronal activity (21) . The potential neurophysiologic consequences of selected areas of CytOx loss during perinatal iron deficiency can be viewed in light of the proposed schematic diagram, drawn from comparative human, primate, and rat data, of the flow of information involved in explicit and implicit memory formation among different brain structures (Fig. 1) (27) (28) (29) . Implicit memory function is characterized by perceptual and motor learning processes that do not involve conscious awareness. The caudate putamen is central to this type of memory. Explicit memory involves the learning of facts and experiences of which we are consciously aware (27, 44) . This type of memory encompasses emotional/affective circuits and recognition memory pathways. The amygdala, an element of the emotional circuit, appears to participate in learning, especially when the reinforcement is highly arousing, and thus tends to focus our attention on a given task. The hippocampal formation, the central structure in recognition memory, and its multiple prefrontal connections are essential for spatial memory processing and transferring short-term memory items into long-term storage (27, 44, 45) . Overall, the main targeted areas of iron deficiency were the hippocampal formation and the prefrontal projections for the entire explicit memory circuit. In our study, two structures of the emotional/affective memory circuit had significant loss of CytOx activity, the orbital cortex and the dorsomedial thalamic nucleus. Six out of seven of the brain structures in the recognition memory circuit also demonstrated CytOx loss. Of great concern, CytOx was decreased in each structure of the hippocampal formation (subareas CA1, CA3a,b, and CA3c, the dentate gyrus, and the subiculum). The cingulate cortex, the prefrontal projection of the hippocampal formation and a structure critically involved in attention, also demonstrated CytOx loss.
The hippocampus seems particularly vulnerable to toxic and metabolic insults (46 -48) . Felt and Lozoff, using a similar perinatal iron deficiency model, demonstrated significant abnormalities in hippocampally based recognition memory tasks at 2-1/2 to 3 mo of age despite dietary iron repletion (49) . Although they did not study regional brain iron metabolism, their results are consistent with the neurobehavioral manifestations of abnormal hippocampal function and provide behavioral confirmation of our metabolic findings. The combined results also suggest there may be a critical window early in life for iron rehabilitation, which, if missed, results in permanent cognitive deficits.
The relevance of the findings in this rat model of perinatal iron deficiency to the human condition must be carefully considered because of the extrapolations that needed to be made in creating the model. The autopsy studies of newborn infants of diabetic mothers and intrauterine growth-retarded infants demonstrated a 40% reduction in cortical brain iron concentrations (7, 8) . This loss of cortical iron was assumed to be representative of the degree of loss throughout the brain and was supported by the relatively homogenous loss of Perls staining in our rat model. The perinatal ID rat model used in the current study was the same as previously used by Rao et al. (36) in which they achieved a 45% reduction in whole brain iron concentration. Because Perls and CytOx staining of brain sections was not performed in the human autopsy studies, the degree of ferritin (Perls) or cytochrome iron (CytOx) loss in human populations with a 40% loss of brain iron concentration is unknown. Furthermore, the growth velocity of perinatal rats is greater than humans, likely exaggerating their iron requirements and perhaps the CytOx loss. Thus, extrapolations of the functional implications of the loss of storage or bioactive iron compounds from the rat to newborn humans remain speculative.
Nevertheless, our study may also help explain recent neurobehavioral findings in human infants. Nelson et al. demonstrated electrophysiologic evidence of abnormal hippocampal functioning in newborn infants of diabetic mothers when tested using an auditory recognition paradigm (9, 10) . In this study, newborn infants of diabetic mothers were less able compared with control infants to distinguish a familiar voice, that of their mother, from a stranger's voice. These differences seem to persist when infants are retested at 6 mo of age. This auditory discrimination task is thought to be hippocampally mediated (27) . Thus, it may be reasonable to hypothesize that these electrophysiologic findings may be related to abnormal hippocampal neuronal metabolism due to fetal iron deficiency.
In summary, perinatal iron deficiency of the magnitude seen in human newborns causes significant loss of CytOx activity in selected brain structures. The hippocampus and its prefrontal projections appear most vulnerable-a finding consistent with the known behavioral sequelae of perinatal iron deficiency.
